Species that have a high likelihood of surviving the discarding process have become great concern since the European Union reformed the Common Fisheries Policy and enacted a landing obligation prohibiting the discarding any individuals of species under quota. Among species presenting an elevated survival potential, plaice (Pleuronectes platessa) is one of the most discarded in the coastal otter trawl fishery in the English Channel.
European otter trawl fisheries have received particular attention given the large amounts of discards 51 they generate (Cornou et al., 2015) . Furthermore, capture in trawls is recognised to be stressful for 52 fish, causing injuries such as abrasion, crushing and scale loss, and leading to exhaustion by sustained 53 swimming (Davis, 2002) , with severity depending on the gear type and how it is fished (e.g. haul 54 duration, towing speed) (Macbeth et al., 2006; Wassenberg et al., 2001) . When the trawl is hauled 55 back, overcrowding of fish in the net, along with changes in environmental conditions such as pressure, 56 salinity and temperature may induce additional stress and injuries (Davis, 2002; Harris and Ulmestrand, 57 2004; Tenningen et al., 2012; Uhlmann and Broadhurst, 2015) . As a result, many individuals may be 58 already dead upon arrival on deck. For those that survive the catching process, air exposure during 59 catch handling is amongst the strongest stressors contributing to mortality (Benoît et al., 2013 (Benoît et al., , 2010 
Technical and environmental conditions 128
A series of variables related to the fishing operation, the environmental conditions and the fish 129 biological characteristics were also recorded to determine their influence on discard survival, 130
including: the tow duration (min), the average tow depth (m) and sea water temperature (°C); on the 131 deck, the catch weight (kg), the air temperature (°C), the wind force (Beaufort scale) as well as the 132 total fish length (TL in cm). 133
Monitoring in captivity 134
A subsample from each vitality group was then selected for the captivity experiment from the full range 135 of vitality levels and fish lengths. A total of 348 plaice (40 moribund, 101 poor, 115 good and 92 136 excellent) from 17 hauls, were placed into a vertical stack of five holding tanks (80x60x20 cm) supplied 137 with continuous water flow (3-4 l/min). Each tank was stocked with up to eight plaice of the same 138 vitality level with different lengths so that they can be individually identified. Once the vessel arrived 139 in Brixham harbour (after less than 12h), it took approximately 15 minutes to transfer fish in tubs to 140 onshore tanks (same dimension), also supplied with constant seawater flow (Catchpole et al., 2015) . 141
Tanks were examined every 12h for an observation period ranging from 66 to 133 h. Fish that 142 responded to a tail grab on inspection were declared alive. Fish that showed sustained absence of 143 response (body or opercular movement) to touching or prodding were declared dead and removed 144 from the tank. Seawater and air temperatures were recorded at each routine examination of fish. 145
Controls
To source true control specimens for survival assessments, i.e. those which are the same in all ways 147 other than having gone through the catch and discard process, is challenging. A control experiment 148 was undertaken to assess whether captivity in the onshore holding tanks induced mortality. At the 149 CEFAS laboratory Lowestoft, eighteen aquarium-acclimatised plaice were introduced into the 150 experimental onshore holding tanks filled with water at the same temperature and salinity as in the 151 aquarium, and held for 72 hours. The specimens underwent vitality assessments at the beginning and 152 end of the period and no deterioration in health was observed. This provided confidence that the 153 onshore tanks did not adversely affect the health of the captive fish. It was not possible to source 154 control fish at the time the treatment fish were collected; neither was it possible to test the effect on 155 health on the on board tanks, which may have been influenced by the range of environmental 156 conditions experienced. 157
In the absence of genuine controls, the fate and final condition of treatment fish that were initially 158 assessed to be in pristine condition (no reflex impairment or injuries) were examined in isolation. The 159 assumption was that if the experimental set-up had no effect on the health of the captive fish, then 160 these fish would survive in pristine condition until the end of the experiment. There were 14 fish 161 initially assessed to be in pristine condition, from five different days fishing, most from the first haul of 162 the day. Of these, there was one fatality, a survival rate of 93%. The final assessments after 167-342 163 hours in captivity showed no reflex impairment or injury in the survivors, providing further confidence 164 that experimental induced mortality was limited. 165
Survival in captivity depending on vitality 166

Weibull-mixture model 167
Longitudinal data track the same sample at different points in time. For discard survivability studies, a 168 plausible description of the results is that the proportion of fish surviving will gradually decrease and 169 then reach an asymptote, with a proportion of fish surviving the capture, handling and release process. 170
Modelling this process and predicting the survival probability requires an extension of standard 171 survival analysis models, as these assume that the discard-related mortality must extend until survival 172 is zero i.e. standard models fit a curve that extends until all the fish are dead rather than having a 173 plateau related to survival. 174
Here we use a parametric, Weibull mixture distribution model (Benoît et al., 2012 (Benoît et al., , 2015 Farewell, 175 1982; Gu et al., 2011) . This longitudinal analysis of captivity data via the cumulative distribution of 176 death events (survival function) is useful as the time of death of individuals still alive at the end of the 177 experiment is unknown. These individuals can therefore be considered as right-censored observations. 178
Furthermore, the observation periods varied between individuals from 66 to 133 hours as they werenot introduced into the holding tanks at the same time. Conversely to standard survival models 180 assuming that all uncensored and right-censored individuals will die according to the same probability 181 function, cure rate or mixture distribution models allow that some unknown proportion of individuals 182
survive. These models include a binary random latent variable of the fish discard survival status, 183 ~( ), where π is the probability that a fish was mortally affected by capture and discarding. For 184 those fish, their times of death T were assumed to follow a two parameter Weibull distribution as it 185 provides a reasonable model according to the shape of the non-parametric Kaplan-Meier curves 186 (Kaplan and Meier, 1958) . For the fish that survived, their lifetime was assumed infinite as the natural 187 mortality was considered negligible at the time scale of the experiment. The resulting survival function, 188
i.e. the probability that an individual survived longer than the time period , is expressed as follow: 189
where ( ) is the "short-term" survival function for the affected group, and α>0 and γ>0 are 192 respectively the scale and shape parameters of the Weibull distribution. As stated, the mortality rate 193 is expected to decrease with time and converge to an asymptote 1-π, i.e. the discard survival 194
probability. 195
While discard survival probability is expected to be correlated with vitality, the shape of survival 196 functions of affected individuals may also depend on the vitality groups. Therefore, the vitality index 197 was tested as a categorical covariate on the three parameters (α, γ and π) describing the survival 198 model, resulting in eight potential models. Model parameters were estimated by maximisation of the 199 model likelihood using a quasi-Newton optimisation algorithm (Byrd et al., 1995) . The observed death 200 times were approximated as the mid time between the last time the fish was observed alive and the 201 first time the fish was declared dead. 202
Model selection and assessment 203
Models were ranked according to Akaike's Information Criterion (AIC), a measure of parsimony 204 (Akaike, 1981) . Model fit was assessed visually by superimposing the predicted survival curves on non-205 parametric Kaplan-Meier curves. As the survival models were to be used to predict the survival rate 206 from vitality data collected in other samples, the selected model was required to have good predictive 207 performance. This was measured by a leave-p-out cross-validation procedure, with p equal to about 208 10% of the sample size (Arlot and Celisse, 2010). Test samples were drawn according to different 209 vitality distributions (from 10 to 90% of each vitality group) to assess the prediction error 210 independently of the sample vitality distribution. The prediction error was measured as the absolute 211 difference between the observed and predicted survival rate at 120h, and adjusted for right-censoreddata in the same manner as the Brier score (Gerds and Schumacher, 2006 ). This score is comprised 213 between 0 and 1 and a value close to 0 means a perfect prediction. Confidence intervals of the survival 214 rates in each vitality group were estimated by a parametric bootstrap method described in 215 Supplementary Material S1. 216
Vitality sampling in the French fishery 217
The vitality of discarded plaice in the French commercial fishery was sampled on-board a commercial 218 trawler operating in the eastern English Channel (EC; ICES subarea VIId) and targeting multispecies 219 fish assemblages. Two observers participated in commercial fishing trips aboard the vessel prior to 220 the sampling trips to ensure that the sampling protocols would not induce any changes in fishing or 221 catch handling practices by the harvesters. Two at-sea trials were then conducted during five two-222 day trips by the same two experienced on-board observers in November 2014 (27 hauls) and July 223 2015 (18 hauls). For each haul, discarded plaice were randomly sampled once the catch sorting began 224 and for a maximum time period of 50 minutes so that the duration of air exposure of fish was 225 representative of the commercial fishing practices. Each individual was measured and its vitality 226 score determined according to the same four classes described in Table 1 , resulting in a total of 396 227 and 367 plaice observed in November and July respectively. 228
The total handling time was recorded (from cod-end retrieval to when the fish was assessed for vitality 229 status, in minutes), the air temperature and the sea bottom temperature (°C), the tow depth (m) and 230 duration (min.), and the presence/absence of injury-inducing elements in the catch such as stones and 231 oysters ( Table 2 ). The catch weight in the French fishery could not be assessed as the catch was spread 232 on the deck before being sorted and the discard amount was highly variable, but it was never heavier 233 than one ton. 234
Discard survival in the English Channel 235
The average survival probability of plaice discarded from each trial was estimated by combining their 236 vitality distributions and the vitality-dependent survival probabilities estimated from the captivity 237 experiment (Benoît et al., 2012) : 238
Where m is the number of hauls surveyed and ws,v is the proportion of individuals in haul s with vitality 240 level v. The confidence intervals of the survival rates were estimated by a two levels bootstrap method 241 to account for uncertainty in both vitality-dependent survival from the captivity experiments and 242 vitality distributions from the French fishery sampling as described in Supplementary Material S1.
Proxy assumption 244
The proposed methodology to estimate discard survival relies on two key assumptions, that the vitality 245 index is highly correlated with survival probability, and the vitality-dependent survival rates are 246 independent of the external conditions for both vitality and captivity experiments or that any 247 dependence can be predicted. In other words, survival depends only on vitality or measured covariates 248 such that the results of the experiments conducted aboard the English trawler can be applied to the 249 vitality sampling from the French fishery. The validity of these assumptions was explored using the 250 mixture Weibull model described in section 2.2., to which the external drivers were added to the 251 parameter π as covariates to evaluate their influence on the model. AIC and prediction performance 252 were calculated to compare and evaluate these models. 253
Drivers of discard survival 254
A second objective was to analyse the influence of several factors (fishing practices, environmental 255 conditions and fish biological characteristics) on the discard survival. The relationship was set using 256 vitality data as they could be collected in greater quantities and in conditions representative of each 257 trial. 258
Relationship between vitality index and potential survival drivers 259
The factors measured in the vitality experiments related to the fishing practices (haul depth, tow 260 duration and air exposure), the physical environment (the thermal shock, i.e. the absolute difference 261 between the sea bottom and air temperatures, the air temperature and presence/absence of injury-262 inducing elements in the catch) and the fish biology (fish TL) were tested for their potential influence 263 on plaice vitality. This was analysed via a parametric model relating these factors as linear or second where X is the design matrix of covariates, the intercepts, ~(0, ²) the random effect and the 273 vector of fixed effects. All the linear combinations of covariates as well as the interactions that were 274 felt to potentially be important a priori were tested, namely ones including the interactions with the 275 air exposure. Models were fitted with the R package 'ordinal' (Christensen, 2015) , the random effect 276 was tested on the saturated model including all covariates by a one-tailed chi-square test and the fixed 277 effects selected by AIC. 278
Model interpretation: relationship between discard survival and selected factors 279
The marginal predicted probability that a discarded plaice belongs to a given vitality group depending 280 on each selected covariate ( = 1, … , ) was calculated by setting all the other selected covariates 281 to their means: 282
These relationships were then combined with the vitality-dependent survival estimated from the 284 captivity experiment to quantify the effect of each selected covariate on the estimated survival 285 probability ̂: 286
Eq 6
̂( ) = ∑̂( = | = ,
RESULTS 288
Fishing conditions of the three trials 289
The fishing conditions and fish length of sampled plaice for vitality assessment were similar between 290 the November and July trials, except for the air and seawater temperatures ( Table 2 ). The tows were 291 slightly deeper (10 m) and the tow durations were much longer (about 2.8 times longer) in the English 292 trial than in the French trials. Both seawater and air temperatures also had different ranges, but the 293 difference between the seawater and the air were similar. The individual air exposure was not 294 measured in the January trial but the fish were observed throughout the catch sorting in all trials and 295 sorting durations were similar. Fish length distributions were similar, although in the English data there 296 were larger specimens. 
Survival in captivity depending on vitality 300
While it was not possible to source control specimens when the holding tanks were in-situ to contain 301 the treatment fish, the survival of pristine treatment fish and of control fish held prior to the 302 experiment, indicated that the holding tanks did not induce notable levels of mortalities. 303
The most parsimonious survival model included the effect of vitality index on each of the three 304 parameters of the Weibull mixture model (α, γ and π). The predicted survival functions for each vitality 305 level corresponded with Kaplan-Meier curves, confirming a good fit of the model (Figure 1) . The 306 predictive performance of the model was 61% better than the neutral model without any explanatory 307 variable and the expected prediction error was estimated at 0.08 (Table 3 ). The shape parameter γ was 308 systematically greater than one and linearly correlated to the vitality level, which indicates that the 309 instantaneous death rate increased with time in all the groups and this increase was correlated to the 310 vitality. At 110h, the average monitoring time period, the survival functions had converged at more 311 than 95% to their asymptote, except for the 'Poor' group which survival function converged at 86% 312 (Figure 1) . Furthermore, the fish still alive at the end of the monitoring period were all assessed in 313 'Excellent' or 'Good' status, suggesting that the monitoring period was sufficiently long to observe anydelayed mortality. The estimated vitality-dependent survival rates were strongly correlated with the 315 vitality index, from 0.90 for the 'Excellent' class to 0.04 for the 'Moribund' class (Table 3) The distributions in vitality differed between the three trials (Table 4) , with more individuals in 336 'Excellent' and 'Moribund' states in January than in November, and fewer in 'Excellent' and 'Good' 337 states in July than in November. Consequently, the estimated survival rates are comparable in 338
November and January (62.8% and 66.6% respectively) and lower in July (45.2%). July), and corresponding estimated discard survival rates. 343
Relationship between vitality index and potential survival drivers 344
For each seasonal trial, the random effect at the haul level was significant (Table 5 ). The depth, tow 345 duration, presence of injury-inducing elements and air exposure were negatively associated with plaice 346 vitality in both French fishery trials. Furthermore, the interacting effects of the air exposure with the 347 depth, tow duration and thermal shock in July and the air temperature in November accentuated the 348 influence of these factors. Within the shorter ranges of depths and tow durations of the English trial, 349 these factors did not appear significant. The effects of both injury-inducing elements and air exposure 350
were not assessed in the English trial as they were not available. Nevertheless, the catch weight was 351 measured in this particular case and was negatively associated to vitality. 352 (iv) Catch + Air T°+ Wind + TL 1629.0 0.13
The temperature was systematically selected, but its effect varied across seasons. In January, the air 353 temperature ranged between 4 and 12°C and was positively associated with vitality. In July, both air 354 and bottom temperatures were much higher, and the vitality of fish was negatively associated to 355 increasing thermal shock. In November, vitality level decreased slightly with air temperature over a 356 very short range (9-12.5°C). The fish vitality was also slightly increasing with the fish length on a short 357 size range (18-31 cm) in July, and importantly on a larger size range (19-60 cm) in January. 358
The observed cumulated proportions of individuals in each vitality level and their predictions from the 359 best model depending on each selected covariates were represented in Supplementary Material S2. 360
The plots suggest that these models fit the data reasonably well. Nevertheless, the percentages of 361 deviances explained by the covariates were very low in the three cases. Considering the amount of 362 deviance explained by the random effect, most of this unexplained variations expressed at the 363 individual level rather than at the haul level. 
Relationship between discard survival and selected factors 367
The predicted vitality probabilities (Eq 5) were combined with the vitality-dependent survival 368 probability estimated from the captivity experiment (Table 3) to quantify the effect of the selected 369 factors on the discard survival (Figure 2 ). In January, survival was the most affected by the weight of 370 the catches, the low air temperature and the small length of the fish. Indeed, variations in catch weight 371 and air temperature were associated with up to 20% and 35% of mortality respectively. 42% of the 372 smallest fish from the English trial survived while 80% of the largest survived. 373
The main drivers of survival in July were the air exposure and thermal shock, as they were associated 374 with up to 20% and 30% respectively of mortality within their observation ranges. In November, the 375 depth variations were associated to up to 25% of mortality. Supplementary material 506 S1. Description of the simulations used to estimate the confidence intervals in the discard survival rates 507 S2. Predicted cumulative probabilities of the vitality index depending on each covariate in the selected 508 proportional odds model
